The continuing discoveries of potentially active small RNAs at an unprecedented rate using high-throughput sequencing have raised the need for methods that can reliably detect and quantitate the expression levels of small RNAs. Currently, northern blot is the most widely used method for validating small RNAs that are identified by methods such as high-throughput sequencing. We describe a new northern blot-based protocol (LED) for small RNA ($15-40 bases) detection using digoxigenin (DIG)-labeled oligonucleotide probes containing locked nucleic acids (LNA) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide for cross-linking the RNA to the membrane. LED generates clearly visible signals for RNA amounts as low as 0.05 fmol. This method requires as little as a few seconds of membrane exposure to outperform the signal intensity using overnight exposure of isotope-based methods, corresponding to $1000-fold improvement in exposure-time. In contrast to commonly used radioisotope-based methods, which require freshly prepared and hazardous probes, LED probes can be stored for at least 6 months, facilitate faster and more cost-effective experiments, and are more environmentally friendly. A detailed protocol of LED is provided in the Supplementary Data.
INTRODUCTION
Recent advances in high-throughput sequencing have led to the characterization of several important classes of small RNAs including microRNAs (miRNAs), endogenous small interfering RNAs (endo-siRNAs), piwi-interacting RNAs (piRNAs), transcription start-site associated RNAs (TSSa-RNAs) and unusually small RNAs (usRNAs) (1, 2) . The most convincing analytical method to validate small RNAs identified by high-throughput approaches is northern blot. Although northern blot is less sensitive than other analytical methods, it can readily reveal the presence of irrelevant products and can quantitate the expression level and size of both the small RNAs and their precursors (3) . Several distinct northern blot protocols are currently used for small RNA detection. These methods primarily differ in the labeling and design of the probes used to detect RNA. The most popular probe-labeling protocol is based on incorporation of radio isotopes ( 32 P). However, isotope labeling is often inconvenient, hazardous and is restricted by many institutions. As a safer alternative, non-isotopiclabeling methods using DIG-labeled probes are used to detect small RNAs (4, 5) . The DIG assay is comparable to isotope labeling-based methods in its sensitivity, and is safer than radioactive methods (5) . Probe-design strategies also have significantly improved in the recent past. The traditional DNA oligonucleotide probes are increasingly replaced by LNA oligonucleotide probes that considerably improve the sensitivity in detecting small RNAs (3, 6) .
Cross-linking of the RNA to the membrane frequently improves the sensitivity of northern blots. However, conventional methods such as UV-cross-linking are generally not optimal for detection of small RNAs such as miRNAs and piRNAs that are shorter than 40 bases (7) . A recently developed method using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) to cross-link RNAs to the membrane was demonstrated to have enhanced specificity over traditional cross-linking methods (7, 8) .
Thus, a hybrid approach based on the widely used 32 P labeling, EDC-based cross-linking of RNA to membrane and LNA probes is likely to provide the most sensitive northern blot protocol for small RNAs (8) . Since DIG-labeling is not known to outperform 32 P-based protocols (5), substitution of 32 P by DIG in such a hybrid approach is not expected to have any advantage over isotope-based protocols. However, we developed a highly sensitive protocol (L-E-D) that harnesses the advantages of LNA, EDC and DIG (Supplementary Figure S1 ) that is superior to 32 P-based methods. LED was developed via a top-down optimization approach, in which its performance was assessed in detecting two different miRNAs (miR-21 and miR-16) over five distinct DIG-labeled LNA probe concentrations, eight different hybridization buffers, various temperatures and four types of membranes. We further compared the performance of LED and its equivalent 32 P-based protocol using four different miRNAs (22-23 bases) across various RNA concentrations, and studied the specificity and sensitivity of LED using known concentrations of small RNAs.
MATERIALS AND METHODS
Total RNA from MCF-7 cells was loaded onto 15% SequaGel (National Diagnostics), electrophoresed and transferred to nylon membranes at 10-15 V (90 min) using Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad). Membranes were cross-linked to the RNA (60 C for 1-2 h) using freshly prepared cross-linking reagent (Doc-S). For 32 P-based blots, LNA-DNA mixed oligonucleotide probes were end-labeled with [g-32 P] ATP by T4 polynucleotide kinase using KinaseMaxTM Kit (Ambion). For human miRNAs, pre-synthesized LNA-modified oligonucleotides were purchased from Exiqon (http://www.exiqon.com). For the KSHV miRNA, the probes were synthesized by Integrated DNA Technologies, IA. For LED blots, probes were labeled with the non-radioactive DIG, using End Tailing Kit (Roche Applied Science, Indianapolis, IN). Probe sequences used against the human miRNAs are TCAAC ATCAGTCTGATAAGCTA (miR-21), CGCCAATATT TACGTGCTGCTA (miR-16), TCCATCATTACCCGG CAGTATTA (miR-200c) and CAGACTCCGGTGGAA TGAAGGA (miR-205). Pre-hybridization and hybridization were carried out using various hybridization buffers at different temperatures (Supplementary Table S1 ). For radioactive blots, hybridization buffers contained 10 6 cpm/ ml of probe. For both methods, after hybridization the membranes were washed (37 C) twice using a low stringency buffer solution (2Â SSC, 0.1% SDS), and a high stringency buffer solution (0.1Â SSC, 0.1% SDS), for five and ten minutes, respectively. During optimization of northern blot analysis, photoemissions were detected using ChemiDoc-IT Imaging System (Figures 1, 2 , Supplementary Figures S2 and S4 ). Since ChemiDoc-IT system is not compatible with 32 P-based methods, to enable an unbiased comparison between the two methods ( Figures 3 and 4 0 -GCTTACACCCAGTTTCCTGTA AT-3 0 was used as the probe sequence against all four KSHV miRNA sequences. For specificity analysis, each lane in the gel (15% of polyacrylamide gel) was loaded with K12-1 synthetic RNA (0.2 fmol) mixed with MCF7 total RNA (5 mg). For sensitivity analysis, we used serially diluted amounts (0-0.4 fmol) of K12-1 miRNA that was spiked into MCF7 total RNA (5 mg).
RESULTS

Optimization of DIG-labeled LNA-based probe concentration
Intuitively, an increase in probe concentrations would enhance the sensitivity of LED, but higher probe levels could also adversely affect northern blots. For instance, higher probe concentrations will increase background signal contributions from non-specifically bound DIG-labeled probes on the membrane. To determine the optimal probe concentration, we tested the dependence of starting probe concentration on sensitivity of LED in detecting miR-21 and miR-16 (Supplementary Figure S2 ), based on a commonly used buffer (ULTRAhyb by Ambion). For both miRNAs, the sensitivity is prominently improved as the probe concentration is increased from low (0.05 nM) to high (0.2 or 0.5 nM) concentrations. However, further increase (>0.5 nM) in probe concentration did not seem to greatly improve the sensitivity in detecting miR-21. In contrast, LED signals for the more difficult-to-detect RNA, miR-16, considerably improved upon increasing the probe concentration from 0.5 nM (up to 2 nM). These experiments indicate that the probe level of $0.2 nM is sufficient to detect both miRNAs, and hence this concentration level was used for additional optimization experiments. Further improvements in detection sensitivity can also be achieved by fine-tuning probe concentrations for RNAs of interest, as illustrated by the different levels of improvements that were realized for miR-21 and miR-16.
Effects of hybridization buffers on detection of small RNAs
Among the first seven hybridization buffers that we tested (Supplementary Table S1 ), ULTRAhyb (Ambion), DIG easy buffer (Roche) and buffers A and C (Roche) were among the most sensitive miRNA-detection approaches ( Figure 1 ). The performances of the buffers indicate that some buffers could be more useful than others in certain situations. For example, using as little as 3 mg of total RNA, the difficult-to-detect miRNA, miR-16, is readily visible in the blots using Ambion ULTRAhyb, DIG easy buffer and buffer C. In comparison, buffer A is more sensitive than others in detecting miR-21 while ULTRAhyb, DIG Easy Hyb, buffer C, Church-Gilbert (9) and modified Church-Gilbert buffer (10) yield readily detectable, linear, concentration-dependent signals for both miR-21 and miR-16. The Church-Gilbert buffers are also useful in detecting miRNAs due to their linear detection range, and provide a cost-and time-advantage over other tested buffers since they can be readily prepared from a few reagents.
Since ULTRAhyb, and buffers B/C contain formamide that reduces the melting temperature for probe-RNA hybridization and hence may be a factor in their performance, we also tested modified Church-Gilbert protocol with 50% formamide at a reduced temperature (37 C). The formamide containing protocol did not yield a better signal than ULTRAhyb (Supplementary Figure  S3) and did not appear to have any notable improvement over the protocol without formamide. The evaluations of eight different buffers allowed us to select a set of three buffers [ULTRAhyb, Buffer A and modified (10) Church-Gilbert] that could be further optimized and analyzed. ULTRAhyb and Buffer A were selected due to their high sensitivity, while the modified Church-Gilbert protocol was chosen due to its ease of availability and reduced cost. We note that buffer C and DIG easy Hyb, is likely as useful as buffer A, yet we selected buffer A for further tests because buffer A appeared to be more sensitive in detecting the low abundance, putative primary miR-16 transcript ( Figure 1 , upper most band).
Optimization of hybridization-temperature conditions
Based on the three selected buffers, we next studied the effect of hybridization temperature on sensitivity (Supplementary Figure S4) . Consistent with the manufacturer-recommended conditions for DNA/RNA probes ($40-60 C), our results show that there is not a large difference between sensitivities at 37 and 60 C for Table S1 ). Varying amounts of total RNA (3, 5 and 10 mg) were used to detect mature miR-21 and miR-16 (arrowheads) for each probe concentration, and the corresponding photo-luminescence was recorded over varying lengths (1, 3 and 5 min) of time. The upper bands may correspond to the precursor and primary transcripts of the miRNAs.
ULTRAhyb using LNA-based probes. However, background effects clearly improve upon increasing temperature (37-60 C). We also found that the modified Church-Gilbert protocol performs best at $60 C and its sensitivity is comparable to that of ULTRAhyb and Buffer A for detecting miR-21. Although the sensitivity of buffer A was comparable between the optimal temperature conditions of 37 C and 50 C, the performance of buffer A manifested greater variability than both ULTRAhyb and the modified Church-Gilbert protocol (Figure 1 and Supplementary Figure S4) . Specifically, in contrast to previous experiments using buffer A, the band intensities during the temperature-optimization experi-
Effect of membranes on LED performance
Since we relied on our experience in using positively charged Nylon membrane (Roche) for previous experiments, we sought to systematically test whether different membranes could significantly affect LED performance.
Among the four different membranes tested (Figure 2) , we found that the selected positively charged membrane (Roche) and the neutral Nylon membrane (Hybond-NX, GE) performed best (Figure 2A and B) . Surprisingly, another widely used positively charged membrane (Bright star plus, Ambion) yielded relatively weak signals with moderate background levels ( Figure 2C ) in LED protocol. The amphoteric ( Figure 2C ) membrane performed poorly, and did not yield any signals for either miR-21 or miR-16. The results confirmed that the selected membrane (Roche) for LED is a reasonable choice, and also highlighted the influence of different membranes and membrane sources on northern blots used for small RNA detection.
Comparison of LED to other methods
To better understand the contribution of LNA probes, EDC cross-linking and DIG labeling to the LED protocol, we systematically tested their effects on the performance of northern blots in detecting miR-21 and miR-16. Specifically, one by one, we substituted LNA probes, EDC cross linking and DIG labeling by DNA probes, UV cross-linking and 32 P labeling, respectively ( Figure 3 ). As expected, the LNA-based protocols are considerably more sensitive than DNA-based northern blots ( Nevertheless, the complete LED protocol using EDC appears to perform the best among the various methods that we tested.
We further compared the sensitivity of LED to that of an equivalent method (7, 8) , which uses both EDC cross-linking of RNA to membrane and LNA probes, but uses 32 P-labeled probes instead of DIG-labeled probes. In addition to using LNA probes and EDC cross-linking, the selected 32 P-based protocol also uses identical hybridization buffer, hybridization temperature and LNA probe concentration to that of LED. Thus, the selected 32 P-based protocol arguably represents the most sensitive northern blot method that is publicly available. We selected four miRNAs that are expressed at varying levels (miR-21-high, miR-16-medium, miR-200c-medium and miR-205-undetectably low) in the MCF-7 cell line. Serial dilution of RNA was performed to assess the performance of the methods at various RNA concentrations.
LED yielded stronger signals than the corresponding radioactive method for the three well-expressed miRNAs at all three different concentrations ( Figure 4A ). These results appear significant when considering the 1400-fold difference in exposure times of the two methods (30 s versus 12 h). LED required only a small amount (3 mg) of total RNA for detecting the three miRNAs and manifested an approximately linear detection range as was also observed in previous experiments.
Detection limits of LED
To evaluate the specificity of LED, we spiked (Methods) human total RNA from MCF-7 with the synthetic miR-K12-1 miRNA of the rarely occurring Kaposi sarcoma-associated herpesvirus (KSHV) and three miR-K12-1 synthetic mutants containing 1-3 point mutations. The viral miRNA was chosen since it is present only in KSHV-infected cells and has little similarity to any known human miRNA, thus reducing the possibility of cross-hybridization of the probe to other human miRNAs. The specificity analysis indicates that LED can differentiate between closely related miRNA family members ( Figure 4B ) and minor differences (1-2 bases) between small RNA family members are sufficient for quantifying them using LED. LED specificity is similar to what is expected for LNA probes (11) , suggesting that the optimizations did not negatively impact the overall detection specificity. Finally, to quantify the absolute sensitivity of LED, we used LED to detect the synthetic miR-K12-1 at various concentrations. LED yields visible signals for RNA amounts as low as 0.05 fmol, and compares favorably to the sensitivity of the radioactive method using up to 15 h of exposure ( Figure 4C ).
DISCUSSION
The continuing discoveries of novel classes of small RNAs in numerous model organisms have raised the need for improved methods that are sensitive, safe, fast and reliable in quantifying small RNA expression. Traditional northern blot techniques using conventional DNA or RNA probes generally do not perform adequately in detecting small RNAs (<$40 bases) due to their small sizes and sequence compositions (e.g. few G/ C bases). Northern blot methods for small RNA detection have constantly improved in sensitivity, particularly with the introduction of LNA-DNA mixed hybrid probes and EDC-based cross-linking of small RNAs to membrane. We combined the strengths of LNA, DIG and EDC cross-linking, and optimized several key parameters to develop a useful small RNA detection protocol that is detailed in a step-by-step manner in the supplementary material (Doc-S). Although we focused our report on LED detection of miRNAs ($22 bases), the most widely studied class of small RNAs, we also note that LED can detect some usRNAs (2) that are even smaller ($16 bases) than miRNAs. In addition to miRNAs, LED will be likely useful for the detection of piRNAs and siRNAs, because of the presence of terminal 5 0 phosphates that are amenable to approaches based on EDC cross-linking (8) .
With relatively short exposure times (<60 s), LED outperforms ( Figure 4A and C) isotope-labeling protocols that use much longer exposure periods (12-15 h). A small amount ($3 mg) of total RNA is sufficient for LED to detect miRNAs as demonstrated for miR-21, miR-16 and miR-200c ( Figure 4A ). Analysis using known quantities of serially diluted synthetic RNAs indicates that a range of 0.01-0.025 fmol of RNA marks a lower detection limit of LED. However, for experiments based on total RNA from cells, the overall sensitivity may vary in a probe sequence-dependent manner due to the competitive inhibition by non-specific RNAs with partial complementarity to the probe. Effects due to such non-specific interactions are unavoidable for hybridization-based techniques such as northern blots. Similarly, although LED manifests single-nucleotide specificity as expected for LNA-based methods (11), specificity could vary depending on probe sequence, though such variations are arguably minor (11) .
Several features important to LED emerged during optimization of the protocol. Experiments indicate that while a probe concentration of 0.2 nM is sufficient to detect miRNAs, a concentration of 0.5 nM or higher can significantly improve the sensitivity. However, the added sensitivity due to increasing probe concentration seems to plateau as the concentration is increased to 1 nM or higher. Thus, while sensitivity marginally improves with concentrations over 0.5 nM, the experimental costs increase significantly because LNA probes are relatively expensive, $50-fold more than DNA probes. We also note that selecting appropriate amounts of LNA probes has additional advantages since re-synthesis of customized LNA probes for novel RNAs is generally time consuming ($1 month). Another important observation was that some buffers could in some instances be more useful than others, particularly the modified Church-Gilbert protocol (60 C), which is a much cheaper alternative to the commercially available buffers.
In addition to being a non-radioactive method and a faster method, LED has the advantage of detecting low-abundance small RNAs such as miR-16, or other RNAs that are difficult-to-detect due to factors such as sequence composition and length. It is important to note that the various parameters that we report in the detailed protocol (Doc-S) can be fine-tuned to obtain better sensitivity in detection of difficult-to-detect small RNAs. For example, while the probe concentration of 0.2 nM is sufficient to detect all four miRNAs, it is clear from the optimizations (Supplementary Figure S2) that higher probe concentrations (1-2 nM) are more appropriate for the detection of miR-16. Similarly, the choice of buffer can improve the detection of such low abundance RNAs and the associated background, as indicated by the detection of miR-16 (Figure 1 ) using the DIG Easy Hyb buffer (Roche).
The absence of bands and high levels of background on the membrane are among the major problems observed with LED. Such difficulties are generally resolvable (Supplementary Table S2 ). Nevertheless, specific small RNAs can pose significant challenge to obtaining a good signal due to various factors such as low abundance and low purification yields of small RNAs, and poor probe-RNA hybridization. In such difficult cases, we recommend using synthetic oligos of the RNAs of interest to first evaluate whether the designed probe is sufficient to accurately detect the signal. If the probe is deemed insufficient, various probes containing different LNA-spiking patterns should be tested to improve probe sensitivity. Redesigning the probe may also help minimize cross-hybridization of the probe to non-specific RNAs, thus reducing irrelevant bands on the membrane. For a few small RNAs, we have successfully used a stretch of eight LNA bases at 5 0 -positions 8-15 of small RNA probes, with comparable or better performance than currently marketed probes. We also note that membranes can be re-probed in LED protocol. We have successfully re-probed membranes up to three times, based on washing the membrane in near-boiling 0.1% aqueous SDS solution.
In conclusion, LED is a highly sensitive northern blot method that considerably reduces both time and labor involved in northern blot assays, and provides an environmentally safe detection method for small RNAs. In comparison to traditional 32 P-labeled probes that are freshly prepared before each experiment, DIG-labeled LNA probes can be synthesized in advance and used for many experiments because they can be stored (À80 C) for at least 6 months. Moreover, for comparable results, the exposure time needed for LED is $1000-fold less than its equivalent radio-isotopic method (Figure 4) . Such advantages not only enhance research, but also help reduce overall costs and promote more environmentally friendly laboratory practices.
